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Arch Type Percentage 
Masonry arch spans < 2m 59.6 % 
Spans between 2m and 5m 20.6 % 
Spans between 5m and 10m 11.3% 




Bridge Occurrence Profile Population Percentage 
Laboratory Tests Parabolic 1 4% (1/27) 
Elliptical 1 4% (1/27) 
Semi-circular 5 19% (5/27) 
Segmental 18 67% (18/27) 
Not given 2 7% (2/27) 
Real Parabolic 1 2% (1/63) 
Elliptical 20 32% (20/63) 
Semi-circular 8 13% (8/63) 
Segmental 31 49% (31/63) 
Not given 3 5% (3/63) 
Bridge Occurrence Profile (Rise: Span) Population Percentage 
Laboratory Tests 1: 3 2 11% (2118) 
1: 4 13 72% (13/18) 
1: 5 1 6% (1/18) 
1: 6 2 11% (2/18) 
Real 1: 3 8 26% (8/31) 
1: 4 12 39% (12/31) 
1: 5 7 23% (7/31) 
1: 6 3 10% (3/31) 
1: 7 1 3% (1/31) 
Ellipti cal Parab olic Segmental Not G iven 
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Preston Elliptical 5180 1640 5700 380 600 2110 
Prestwood Segmental 6550 1430 3800 165 340 228 
Torksey Segmental 4900 1150 7800 246 380 1080 
Shinafoot Segmental 6160 1180 7020 215 365 2524 
Strathmashie Segmental 9420 2990 5810 410 Varies 1325 
Barlae Segmental 9860 1690 9800 295 400 2900 
Bridgemill Parabolic 18300 2850 8300 125 711 3100 










































3000 BC Arch construction techniques used in Mesopotamia, Egypt and elsewhere, 
but not in bridge-building 
2000 BC Chinese begin building masonry arch bridges 
1325 BC Corbelled arches used in Mycenean tombs 
100 BC - 300 AD Romans build masonry bridges 
14 AD Pont du Gard, France 
900-1100 AD Domination by Romanesque architecture, based on the semi-circular arch 
1100 AD Framwelgate Bridge, Durham 
1150 AD Gothic style replaces Romanesque 
1160 AD Elvet Bridge, Durham 
1188 AD Pont d'Avignon, France 
1210 AD Old London Bridge 
1300 AD Renaissance begins 
1388 AD Newton Cap Bridge 
1650 AD Rennaisance ends 
1660 AD Hooke's Law of elasticty 
1750 AD Westminster Bridge 
1758 AD Egton Bridge 
1773 AD Coulomb's'some statical problems' is presented 
1777 AD Maindenhead Bridge 
1780 AD Industrial Revolution begins in the UK 
1817 AD Waterloo Bridge 
1828 AD New London Bridge 
1820-50 AD Masonry arch bridges begin to be built en masse by the newly formed 
railway com anies; 
1840 AD Stockport Viaduct 
1846 AD Pont y to Prydd 
1848 AD Brighton Viaduct 
Newton Cap Viaduct 
1850 AD Second Industrial Revolution in the UK 
1850-1930 AD Majority of UK railway arches constructed 
1850 AD Royal Border Bridge 
Chap le Viaduct 
1851 AD Lockwood Viaduct 
1862 AD Hownes Gill Viaduct 
1879 AD Gaudard's paper on Perrodil, Williot and Dupuit calculation methods 
1882 AD St Pinnock's Viaduct 
1904 AD River Hoogly Bridge 
Jubilee Bridge 
1920 AD Stanwell Park Viaduct 
1922 AD First vehicle 
load train produced for assessment by Ministry of Transport 
(MOT) 
1925 AD British Standard 153 
1927 AD Publication by Alexander & Thompson 
1928 AD English Bridge 
1933 AD Traffic Act regarding maintanence of bridges 
1936 AD Pippard conducts tests which would lead to the MEXE method 
1953 AD Load tests by Davey for MOT 
1957 AD Load tests 
by Chettoe & Henderson (form basis of current assessment 
codes) 
1970s AD Operation Bridgeguard examines the condition of Britain's bridges. 
1972 AD Heyman puts forth a plastic mechanism method for assement purposes 
1980-1989AD TRL load tests 
1987 AD Crisfield et at. put forward a modified mechanism method 
1990 AD Maintenance of Masonry Structures by Sowden is published 
Choo et al. put forward an Finite Element analysis method 
1990-1995 AD Bolton Institute tests 
1997 AD Kimbolton Butts Bridge 
2000 AD Cardiff University centrifuge tests 
2004 AD BD91 is the 
first Standard to use Ultimate Limit State for the design of new 
masonry arch bridges 
2006 AD CIRIA c656 
"Masonry arch bridges: condition appraisal and remedial 








Linear dimension and displacement I 1/N 
Area 1 1/N2 
Volume I 1/N3 
Mass 1 1/N3 
Mass density 1 1 
Force 1 1/N3 
Stress 1 1/N 
Strain 1 1 













Sand (Prior to testing) Sand (Post nine tests) 
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Parameter Small Medium Full Size Rea (1: 8) (1: 4) (1: 1) Life' Sheffield (Proposed] [Salford 
Initial cost to construct £260 £2000 £14k £200k2 (excluding labour) (Estimate) 
Cost per test to failure Negligible Negligible 
£3k (original) N/A £6k (current) 
Labour cost for Small Medium High Very construction High 
Storage of material Negligible Small Significant Small 
Ability to model Good Good to Reasonable Very kinematics Reasonable Difficult 
Ability to represent real 
Poor but 
structure 
Poor better than Reasonable Perfect 
small 
Test preparation 













Material Property Value Units Notes 
Soil friction 44 (100 mm x100 mm 
angle, 0' Direct Shearbox Test) 
Cohesion, c' 0 kN/m2 
(Using a textbook 
Void ratio 0.58 value for specific Sand 
gravity value of 2.65) 
Bulk unit 16 5 3 (in-situ sampling via kN/m 
weight, yri8 . soil sampling trays) 
Moisture 
ýl % 
(Sand was oven dried 
Content before used in testing) 
Sand-Acrylic Interface 8 In rig test Interface friction angle, d 
Tcflon"Teflon 
Interface - 
friction angle, 3 2 
(Manufacturer's 
Interface . Value) 
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Live Load Distribution / Backfill Passive Pressure 
Test 
No. Experimental None 
No Passive 





2 in 1 
1/3Kp 
Passive 
TI 107 106 n/a n/a n/a 
T2 141 106 n/a 143 n/a 
T3 137 104 n/a 141 n/a 
T4 182 135 215 185 296 
T5 103 104 n/a n/a n/a 
T6 133 135 215 n/a n/a 
Ti 105 106 n/a n/a n/a 
T8 137 104 n/a 141 n/a 
T9 178 135 215 185 296 
Test 
No. 




T2 1.75 0.32 
T3 1.65 0.31 




Live Load Distribution Model 
, rest 
N Experimental Experimental 
Truncated Smith (2005) 
. None I in 2 Boussinesq 
(1: 2) 40° 30° 20° 
T4 182 185 296 244 140 151 170 




































Fixed-Fixed Fixed-Free Free-Fixed 





Fixed-Fixed Fixed-Free Free-Fixed 


ý0'. 30" FIzMFM 
100 ý 0'. 10" Fha6FM 
-0'50 Fh16FrM 350 
-r-0'"30" FMFiwýd 
300 -t-0'. 10" FMflx4tl 












(kN/m2) (m) (kN/m) [=Uh/-/Z] (°) of Kp 
Deep =30°-D2 415 1.81 16 14.3 30 4.8 
Deep 0=30°-D3 620 1.81 16 21.4 30 7.1 
Deep 0'=400-1)2 360 1.81 16 12.4 40 2.7 
Deep 0'=400-1)3 680 1.81 16 23.5 40 5.1 
Deep 0=50°-D2 250 1.81 16 8.6 50 1.1 
Deep 01m500-D3 770 1.81 16 26.6 50 3.5 
Shallow 0=30°-S2 215 1.51 16 8.9 30 3.0 
Shallow 0=30°-S3 360 1.51 16 14.9 30 5.0 
Shallow O'=40°-S2 165 1.51 16 6.8 40 1.5 
Shallow 01=4011-53 380 1.51 16 15.7 40 3.4 
Shallow 0=50°-S2 55 1.51 16 2.3 50 0.3 













1 38 (Deep) Fixed : Fixed 
2 38 Fixed : Free 
3 38 Free : Fixed 
4 38 Free: Free 
5 2 (Shallow) Fixed : Fixed 
6 2 Fixed : Free 
7 2 Free : Fixed 
8 2 Free: Free 

Normal horizontal Load Self Vertical 
Load Empty Filled E-F Weight Load Filled Empty F-E Angle 
(N) (N) (N) (N) (N) (N) (°) 
0.0 4.1 18.6 14.5 102.3 102.3 0.14 0.04 0.10 5.8 
19.6 4.3 26.4 22.1 102.3 122.0 0.18 0.04 0.14 7.9 
39.2 4.8 33.9 29.1 102.3 141.6 0.21 0.05 0.16 9.0 
58.9 6.1 39.6 33.6 102.3 161.2 0.21 0.06 0.15 8.5 
78.5 6.9 45.6 38.7 102.3 180.8 0.21 0.07 0.15 8.3 
98.1 8.5 46.1 37.6 102.3 200.4 0.19 0.08 0.10 6.0 

Peak Load % 
Scenario Failure (N) Difference M i h an sm ec 
Test 1 Test 2 Test 3 
Deep: LIOI. a 




D2 165 162 167 -5% Free Fixed- 
Deep: ýa 
D3 153 152 150 -12% Free-Fixed 
Deep: 
Load 
D4 181 183 182 +5% 
Free-Free 
Shallow: Load 
St 95 96 95 0 
Fixed-Fixed 
Shallow: 
S2 83 84 79 -14% Fixed-Free 
Shallow: Lea 
S3 77 74 72 -22% Free-Fixed 
Shallow: Load 
S4 93 94 91 -3% Free-Free 
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Test No Experimental Basic RING Model 
D1 173 185.0 +7% 
D2 165 184.8 +12% 
D3 152 66.0 -67% 
D4 182 65.7 -64% 
S1 95 97.5 +3% 
S2 82 97.1 +18% 
S3 74 41.0 -45% 

















































Name Span Rise S/R Profile Reference Date Situation 
mm mm 
1219 305 4 Segmental A study of the voussoir arch 1951 
Lab 
Tests 
500 250 2 Semi-Circular Burroughs et at 2000 
Lab 
Tests 
500 125 4 Elliptical Burroughs et at 2000 
Lab 
Tests 
700 175 4 Segmental Fairfield & Ponniah 1994 Lab Tests 
3000 750 4 Segmental Gilbert et at 2007 
Lab 
Tests 
380 85 4 Segmental Gilbert et at 2007 
Lab 
Tests 
Dundee 4000 2000 2 Semi-Circular Harvey 1989 Lab Tests 
22980 4600 5 Segmental Howe 1897 Lab Tests 
779 175 4 Not given Konno ei at 1983 Lab Tests 





SIR Profile Reference Date Situation 
Bolton 6000 1000 6 Segmental Melbourne 1989 
Lab 
Tests 
3000 750 4 Segmental Melbourne & Gilbert 1992 
Lab 
Tests 
5000 1250 4 Segmental Melbourne & Gilbert 1992 
Lab 
Tests 
3000 750 4 Segmental Melbourne & Wagstaff 1992 
Lab 
Tests 
1000 500 2 Semi-Circular Melbourne et at 1989 
Lab 
Tests 
5000 1250 4 Segmental Molins et at 2001 
Lab 
Tests 
5000 1250 4 Segmental Mullet & Rance 2003 
lab 
Tests 
3050 860 4 Segmental Pippard 1951 
Lab 
Tests 
3050 760 4 Segmental Pippard 1951 
Lab 
Tes ts 
8000 2000 4 Segmental Ponniah et at 1997 
Lab 
Tests 
Bargower 2080 1040 2 Semi-Circular Royles & Hendry 1991 
Lab 
Tests 
Bridgemill 1000 158 6 Parabolic Royles & Hendry 1991 
Lab 
Tests 
Carron 2480 750 3 Segmental Royles & Hendry 1991 
Lab 
Tes ts 
2084 1042 2 Semi-Circular Royles & Hendry 1991 
Lab 
Tests 
2480 750 3 Segmental Royles & Hendry 1991 
Lab 
Tests 
1000 158 6 Segmental Royles & Hendry 1991 
Lab 
Tests 
4000 1000 4 Segmental Towler 1981 
Lab 
Tests 
Cabra 10420 2650 4 Segmental Boothby et at 2001 Real 
Griffith 9450 2700 4 Segmental Boothby et al 2001 Real 
Sarah 31800 6580 5 Segmental Boothby et al 2001 Real 
Cantalupo 18500 9250 2 Semi-Circular Brencich et at 2003 Real 
Waterloo 36576 10668 3 Elliptical Buckton & Fereday 1836 Real 
Abbotsworthy 8534 2591 3 Elliptical Chettoe and Henderson 1957 Real 
Blackwell 20726 6248 3 Elliptical Chettoe and Henderson 1957 Real 
Blackwell 23774 6858 3 Elliptical Chettoe and Henderson 1957 Real 
Blythe End 9296 2591 4 Segmental Chettoe and Henderson 1957 Real 
Byfield 7772 1372 6 Segmental Chettoe and Henderson 1957 Real 
Cold Blow 15951 3861 4 Segmental Chettoe and Henderson 1957 Real 
Crawley Down 15545 3962 4 Segmental Chettoe and Henderson 1957 Real 
Crawley Down 15545 3658 4 Segmental Chettoe and Henderson 1957 Real 
Hazelden 18288 6096 3 Segmental Chettoe and Henderson 1957 Real 
Itchen Abbas 8534 2591 3 Elliptical Chettoe and Henderson 1957 Real 
Radford River 12802 2515 5 Elliptical Chettoe and Henderson 1957 Real 
Rudswick 8534 2134 4 Segmental Chettoe and Henderson 1951 Real 
Sutton Scotney 7722 1575 5 Segmental Chettoe and Henderson 1957 Real 
Tuffley 7315 2134 3 Elliptical Chettoe and Henderson 1957 Real 
Tuffley 8534 2286 4 Elliptical Chettoe and Henderson 1957 Real 
Westwelt 7925 1626 5 Segmental Chettoe and Henderson 1957 Real 
Wetherby 10973 2286 5 Segmental Chettoe and Henderson 1957 Real 
Yarm 10973 5131 2 Semi-Circular Chettoe and Henderson 1957 Real 





S/R Profile Reference Date Situation 
Beeding 12344 4051 3 Elliptical Davey 1953 Real 
Broadmeadow 
Lane 6629 1829 4 Segmental Davey 1953 Real 
Croft 6452 2057 3 Elliptical Davey 1953 Real 
Dartmouth Street 10566 3962 3 Elliptical Davey 1953 Real 
Dolywem Bridge 12395 3023 4 Elliptical Davey 1953 Real 
Egg Bridge 7341 1626 5 Segmental Davey 1953 Real 
Hythe Road 9271 2870 3 Elliptical Davey 1953 Real 
Kennington 
Bridge 11176 2819 4 Elliptical Davey 1953 
Real 
Lenham 8839 2057 4 Segmental Davey 1953 Real 
Lenham 8230 1905 4 Segmental Davey 1953 Real 
Lenham 8230 1905 4 Segmental Davey 1953 Real 
Lifford Lane 7125 2127 3 Segmental Davey 1953 Real 
Ludgate Hill 6350 1581 4 Elliptical Davey 1953 Real 
Mill Bridge 7925 1372 6 Segmental Davey 1953 Real 
Pont Bell Bridge 12268 2781 4 Elliptical Davey 1953 Real 
Powdermills 13741 4013 3 Elliptical Davey 1953 Real 
Stearden 9220 2515 4 Elliptical Davey 1953 Real 
The Lodge 4369 1372 3 Elliptical Davey 1953 Real 
Warstok Road 6629 1943 3 Segmental Davey 1953 Real 
Yarldey Wood 
Road 6502 1975 3 Segmental Davey 1953 
Real 
Bargower 10365 5180 2 Semi-Circular Hendry et al 1985 Real 
Bridgemill 18288 2845 6 Parabolic Hendry et al 1985 Real 
Clare Bridge 6720 2320 3 Not given Heyman 1980 Real 
Ponte Mosca 45000 5500 8 Not given Heyman 1980 Real 
Tetson 7200 2660 3 Not given Heyman et al 1980 Real 
Barlae 9860 1690 6 Segmental Page 1989 Real 
Preston 5180 1640 3 Elliptical Page 1987 Real 
Prestwood 6550 1430 5 Segmental Page 1987 Real 
Shinafoot 6160 1190 5 Segmental Page 1988 Real 
Strathmashie 9420 2990 3 Segmental Page 1989 Real 
Torksey 4900 1150 4 Segmental Page 1988 Real 
Dean Salisbury 3660 1830 2 Semi-Circular Page 1993 Real 
Dean Salisbury 3660 1830 2 Semi-Circular Page 1993 Real 
Romney 
Dunbrid e 
3660 1830 2 Semi-Circular Page 1993 Real 
Romney 
Dunbrid e 
3660 1830 2 Semi-Circular Page 1993 Real 
Romney 
Dunbrid e 




7120 2060 3 Segmental Page 1993 Real 









































Target Required Horizontal Target Required Horizontal 
Friction Load Soil Pressure Load Soil Pressure 
Value D1 D2 D3 D4 S1 S2 S3 S4 
0.0 415 620 215 360 
0.1 360 530 180 300 
0.2 300 435 135 240 As D3 As 53 
0.3 240 340 95 180 
0.4 180 245 55 120 
0.5 47.82 120 150 24.88 10 60 
0.6 60 50 As D2 0 0 - 
0.7 0 0 - 0 0 - 
0.8 0 0 - 0 0 - 
0.9 0 0 - 0 0 - 
1.0 0 0 - 0 0 - 
Target Required Horizontal Target Required Horizontal 
Friction Load Soil Pressure Load Soil Pressure 
Value D1 D2 D3 D4 S1 S2 S3 S4 
0.0 360 680 165 380 
0.1 305 580 125 325 
0.2 245 480 85 260 
0.3 185 380 As D3 40 195 As S3 
0.4 125 275 0 130 
0.5 54.99 65 175 27.32 0 70 
0.6 5 75 0 5 
0.7 0 0 - 0 0 - 
0.8 0 0 - 0 0 - 
0.9 0 0 - 0 0 - 
1.0 0 0 - 0 0 - 
Target Required Horizontal Target Required Horizontal 
Friction Load Soil Pressure Load Soil Pressure 
Value D1 D2 D3 D4 S1 S2 S3 S4 
0.0 250 770 55 415 
0.1 195 665 15 355 
0.2 135 555 0 285 
0.3 75 440 As D3 0 220 As S3 
0.4 15 330 0 150 
0.5 64.9 0 220 30.78 0 85 
0.6 0 105 0 20 
0.7 0 0 - 0 0 
0.8 0 0 - 0 0 - 
0.9 0 0 0 0 - 
1.0 0 0 - 0 0 - 
Target Required Horizontal Target Required Horizontal 
Friction Load Soil Pressure Load Soil Pressure 
Value D1 D2 D3 D4 S1 S2 S3 S4 
0.0 440 675 215 380 
0.1 380 575 175 315 
0.2 315 470 130 250 As S3 
0.3 250 365 As D3 85 185 
0.4 185 260 40 120 
0.5 52.11 120 160 26.11 0 55 
0.6 55 55 0 0 - 
0.7 0 0 - 0 0 - 
0.8 0 0 - 0 0 - 
0.9 0 0 - 0 0 - 
1.0 0 0 - 0 0 - 
Target Required Horizontal Target Required Horizontal 
Friction Load Soil Pressure Load Soil Pressure 
Value D1 D2 D3 D4 S1 S2 S3 S4 
0.0 415 620 215 360 
0.1 360 530 180 300 
0.2 300 435 135 240 As D3 As S3 
0.3 240 340 95 180 
0.4 180 245 55 120 
0.5 47.82 120 150 24.88 10 60 
0.6 60 50 As D2 0 0 - 
0.7 0 0 - 0 0 - 
0.8 0 0 - 0 0 - 
0.9 0 0 - 0 0 - 
1.0 0 0 - 0 0 - 
Target Required Horizontal Target Required Horizontal 
Friction Load Soil Pressure Load Soil Pressure 
Value D1 D2 D3 D4 S1 S2 S3 S4 
0.0 385 565 215 340 
0.1 335 485 180 285 
0.2 280 395 
As D3 140 230 As S3 0.3 225 310 100 175 
0.4 170 225 65 115 
0.5 120 135 23.52 25 60 
0.6 65 50 As D2 0 0 - 
0.7 10 0 0 0 - 
0.8 0 0 - 0 0 - 
0.9 0 0 - 0 0 - 
1.0 0 0 - 0 0 - 
Target Required Horizontal Target Required Horizontal 
Friction Load Soi l Pressure Load Soi l Pressur e 
Value D1 D2 D3 D4 Si S2 S3 S4 
0.0 360 680 165 385 
0.1 310 585 130 330 
0.2 255 485 95 270 As 
0.3 195 390 
D3 60 210 S3 
0.4 140 290 20 155 
0.5 54.99 80 190 27.32 0 95 
0.6 30 90 0 0 
0.7 0 0 - 0 0 
0.8 0 0 - 0 0 - 
0.9 0 0 0 0 - 
1.0 0 0 0 0 
Target Required Horizontal Target Required Horizontal 
Friction Load Soi l Pressur e Load Soi l Pressur e 
Value D1 D2 D3 04 Si S2 S3 S4 
0.0 360 680 165 380 
0.1 305 580 125 325 
0.2 245 480 85 260 
0.3 185 380 D3 40 195 S3 
0.4 125 275 0 130 
0.5 54.99 65 175 27.32 0 70 
0.6 5 75 0 5 
0.7 0 0 0 0 
0.8 0 0 - 0 0 
0.9 0 0 - 0 0 
1.0 0 0 - 0 0 
Target Required Horizontal Target Required Horizontal 
Friction Load Soi l Pressure Load Soi l Pressure 
Value D1 D2 D3 D4 SI S2 S3 SI 
0.0 360 680 165 380 
0.1 300 570 120 320 
0.2 230 460 75 250 As 
0.3 160 350 03 25 180 03 
0.4 90 240 0 110 
0.5 54.99 20 130 27.32 0 45 
0.6 0 20 0 0 = 
0.7 0 0 - 0 0 
0.8 0 0 0 0 - 
0.9 0 0 - 0 0 - 










Value D1 D2 D3 D4 S1 S2 S3 S4 
0.0 360 680 165 380 
0.1 305 580 125 325 
0.2 245 480 85 260 
0.3 185 380 D3 40 195 S3 
0.4 125 275 0 130 
0.5 54.99 65 175 27.32 0 70 
0.6 5 75 0 5 
0.7 0 0 0 0 
0.8- 0 0 0 0 
0.9 0 0 - 0 0 
1.0 0 0 0 0 
Target Required Horizontal Target Required Horizontal 
Friction Load Soi l Pressure Load Soi l Pressure 
Value D1 D2 D3 D4 SI S2 S3 S4 
0.0 600 815 320 455 
0.1 545 725 285 400 
0.2 490 625 As 245 340 
0.3 430 530 D3 210 280 As S3 
0.4 370 435 170 225 
0.5 56.28 310 335 28.38 130 165 
0.6 '250 240 95 105 
0.7 190 140 55 45 As 
0.8 130 45 D2 15 0 
S2 
0.9 70 0 0 0 
1.0 10 0 0 0 
Target Required Horizontal Target Required Hortzontai 
Friction Load Soi l Pressure Load Soi l Pressure 
Value D1 D2 D3 D4 Si S2 S3 S4 
0.0 865 1020 460 550 
0.1 810 925 425 500 
As 
0.2 750 825 D3 385 440 S3 
0.3 685 725 350 380 
0.4. 625 625 310 325 
0.5 64.26 565 525 31.54 270 265 
0.6 505 425 235 205 
0.7 445 325 As 195 150 As 
0.8 385 225 D2 160 90 S2 
0.9 325 125 120 30 
1.0 265 25 85 0 
